The objective of the study was to determine the effects of antibiotics, yeast culture (YC), and Lactobacillus culture (LC) on the gut microbiome and metabolites in the serum and caecum of weaning piglets. Twenty-four weaning piglets were divided into four treatment groups: control, antibiotic (1% chlortetracycline), 1.8% yeast culture (YC), and 1.6% Lactobacillus culture groups (LC). Each group had six replicated pens with one pig per pen. Feed and water were available ad libitum. Dietary supplementation with antibiotics, YC and LC increased the abundance of phylum, Firmicutes, and decreased the abundance of phylum, Proteobacteria. Beneficial bacteria such as Lactobacillus and Megasphaera in YC and LC groups increased, whereas the proportion of Shigella was decreased. Genera Alloprevotella and Lachnospira were biomarkers in the control and antibiotic groups, respectively. Phylum, Bacteroidetes, and genus, Collinsella, were biomarkers in the YC group, and Mitsuokella, Anaerotruncus, Syntrophococcus and Sharpea were biomarkers in the LC group. Dietary supplementation with different probiotics changed the serum and caecum metabolite profiles too. Antibiotic supplementation increased the levels of D-mannose, D-glucose, and hexadecanoic acid in the serum, and the levels of myo-inositol, D-mannose and benzenepropanoic acid in the caecum. LC increased the concentrations of D-mannose, cis-9-hexadecenoic acid and heptadecanoic acid in caecum compared with the control group. YC and LC supplementation in the weaning diet could improve the abundance of beneficial bacteria by changing the concentrations of some metabolites in the serum and caecum. Therefore, dietary supplementation with YC or LC could be used as additives instead of antibiotics in weaning piglets.
Introduction
Weaning in pigs is a critical but complex step, which involves a significant amount of stress, and interferes acutely with feed intake, intestinal metabolism, the immune system and the gastrointestinal microbiome (Williams et al., 1997; Torrallardona et al., 2007; Zhou et al., 2016; Niederwerder et al., 2017) . Although some studies have indicated that low doses of antibiotics can improve the growth of animals, there are long-term negative effects on animal and human health (Sekirov et al., 2008; Heo et al., 2013) . Since 2006 the European Union has banned the use of antibiotics as growth promoters in animal feed to prevent risk to human beings from antibiotic residues in animals (Castanon et al., 2007) . A large number of studies have paid close attention to the use of probiotics as additives to improve pig performance and health without antibiotics. Previous studies have shown that dietary supplementation with a Lactobacillus culture (LC) improves performance and maintains the intestinal health of pigs by increasing the amount of faecal Lactobacillus and decreasing Escherichia coli (Giang et al., 2010; Lan et al., 2016) . According to Weedman et al. (2011) , Xiong et al. (2015) and Jiang et al. (2015) , yeast culture (YC) can replace antibiotics in the diets of piglets to improve their intestinal functioning and serum biochemical variables.
The gastrointestinal microbiome plays an important role in the health of the host by increasing the colonization of beneficial bacteria that promote gut maturation and prevent invading pathogens (Lan et al., 2005; Fouhse et al., 2016) . Metabolomics is an important tool for understanding biological systems and has been used successfully to study changes in serum metabolites when L-arginine supplementation is given to growing pigs (He et al., 2009; Dona et al., 2016) . Currently, high throughput and gas chromatography mass spectrometry (GC/MS) and liquid chromatography mass spectrometry (LC/MS) methods are preferred for studying changes in gastrointestinal microbiomes and metabolites. However, research on the effects of antibiotics, YC and LC on the gut microbiome, serum metabolites and gut metabolites is still limited. Therefore, in this study the authors investigated YC and LC fermented in the laboratory as antibiotic alternatives in livestock by studying their effects on the gut microbiome and metabolites in the serum and caecum of newly weaned piglets.
Materials and Methods
Yeast culture (YC) and LC were both developed in the JLAU-Borui Dairy Science and Technology R&D Centre of Jilin Agricultural University (Changchun, P.R. China). They were produced by fermentation of Saccharomyces cerevisiae and Lactobacillus plantarum, respectively. The cultures were aerobically incubated in a 10 L fermenter and then transferred into a 50 L fermenter for 24 hours. Papain was added to induce yeast cell wall breakage, and the fermentation was continued for 36 hours. The yeast cell wallbreakage rate was 55.48%, and the dry weights of YC and LC were 150.76 g/L and 99.44 g/L, respectively. YC and LC are liquids that contain yeast extracellular metabolites, fermented medium, broken cell walls, cellular contents and dead bacteria.
A total of 24 piglets (General No. 1, barrows) that had been weaned at an average age of 28 days with an initial body weight of 10.5 ± 0.71 kg were purchased from the Pig Breeding Farm of Jilin University (Changchun, P.R. China). They were divided into four treatment groups: i) control group, ii) antibiotic group (1% chlortetracycline) (Jinhe Biotechnology Co. Ltd., China), iii) 1.8% yeast culture group (YC), and iv) 1.6% lactobacillus culture group (LC). Each treatment had six pens with one piglet per pen. Feed and water were available ad libitum during the four weeks of the feeding period. All animals were housed in smallholder styled pens. All diets were formulated according to the nutrient requirements of NRC (2012), as is indicated in Table 1 . The animals were slaughtered on day 28. Blood samples were collected from the hepatic portal veins, and serum was obtained by centrifugation at 3500 × g, at a temperature of 4 °C for 10 min and stored at -80 °C until needed for the GC/MS analysis. One side of each caecum (digesta) was tied using string and stored at -20 °C for DNA extraction, and the remaining part was stored at -80 °C until GC/MS analysis.
The DNA was isolated by the FastDNA® Spin Kit for Soil (MP Biotechnology, Santa Ana, CA, USA), according to the manufacturer's protocol. The DNA samples were sent to Biomarker Technologies Co, Ltd. (China) for polymerase chain reaction (PCR) amplification and high-throughput sequencing with the Illumina Hiseq method. The bacterial V3-V4 regions of the 16S rRNA genes were amplified with primers 5'-ACTCCTACGGGAGGCAGCA-3' (Huse et al., 2008) and 5'-GGACTACHVGGGTWTCTAAT-3' (Caporaso et al., 2012) .
The serum samples (100 μL) were mixed with 300 μL methyl alcohol : chloroform (3 : 1). After 10 min incubation at -20 °C, the mixed liquor was centrifuged at 12 000 × g at 4 °C for 10 min, and then 300 μL of supernatant was transferred into test tubes. Samples were dried using nitrogen gas (caecum samples were dried using a freeze drier for 24 hours). The dried serum samples (0.05 g) were stored in 1.5 mL tubes. Mixed liquid (methoxyamine hydrochloride and pyridine) of 60 μL (20 mg/mL) was added to the serum samples (100 μL for caecum samples) and vortexed vigorously for 1 min, followed by heating in a water bath at 37 °C for 120 min (90 min for caecum samples). Subsequently, 60 µL bis(trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) was added to the serum samples and heated at 37 °C for 60 min (200 µL BSTFA with 1% TMCS added to the caecum samples) and heated at 70 °C for 60 min. After 10 min, the samples were centrifuged at 13 000 × g at 4 °C for 5 min, and then 50 μL supernatant of each sample was transferred into GC vials.
The analysis of each serum sample (1 μL) was performed on an Agilent 7890/5975C system equipped with a 30.0 m × 0.25 mm i.d. fused silica capillary column with a 0.25-μm HP-5MS stationary phase (Agilent, Shanghai, China). Helium was used as the carrier at a constant flow rate of 1.0 mL/min. The temperature of the column was maintained at 70 °C for 4 min, increased to 100 °C at a rate of 4 °C/min and maintained for 5 min, increased to 150 °C at a rate of 10 °C/min and maintained for 10 min, then increased to 240 °C at a rate of 5 °C/min and maintained for 8 min, and finally increased to 270 °C at a rate of 8 °C/min and maintained for 1 min (increased to 270 °C at a rate of 10 °C/min and maintained for 5 min for caecum samples). The temperatures of injection, quadrupole, and ion source were 280 °C, 230 °C and 150 °C, respectively. The mass spectra were acquired from 20~800 m/z.
The raw paired-end reads of the original DNA fragments were merged using FLASH, and the minimal overlap was 10 bp. To obtain clean tags, the raw tags were filtered with Trimmomatic v0.33 (Magoč & Salzberg, 2011; Bolger et al., 2014) . Chimeras of the clean tags were removed using UCHIME (Edgar et al., 2011) . All of the effective reads from each sample were aligned using the UCLUST (Edgar, 2010) and clustered into operational taxonomic units (OTUs) at 97% sequence identity. The microbial sequencing and metabolic profiles data were processed by QIIME and SIMCA software. The variable importance in the projection (VIP>1) values and Student's t-test (P <0.05) were compared to find differences among groups.
Results and Discussion
A total of 1552343 raw tags were checked by high-throughput pyrosequencing. After filtering, 1515749 clean tags with an average of 63156 were obtained. A total of 704 OTUs were obtained among the 24 samples ( Figure 1 ). OTU-Venn showed that 581 OTUs were common species and only the control group and the LC group had 1 and 7 specific species, respectively. The main research interest of the gut microbiome is to determine whether specific microbiota can be delineated for different groups. To identify specific microbial candidates that are present in various breeding groups, LEFse (Ida score >4) was used to determine specific biomarkers that belonged to different taxa ( Figure 2 ). Genera Mitsuokella, Anaerotruncus, Syntrophococcus and Sharpea (phylum Firmicutes) were higher in the LC group. Phylum, Bacteroidetes, and genus, Collinsella (phylum Actinobacteria), were higher in the YC group. Genera Lachnospira and Alloprevotella were biomarkers in the antibiotic and control groups, respectively. All groups harboured diverse lineages of bacterial phyla (Figure 3) . A total of 10 phyla were detected in all groups. The predominant phylum was Firmicutes, followed by phyla Bacteroidetes and Proteobacteria. The proportions of Firmicutes in groups A, B, C and D were 49.4%, 63.3%, 55.5% and 86.4%, respectively. The ratios of phyla Firmicutes to Bacteroides were 1.44%, 2.15%, 1.61% and 11.06%, respectively. The phylum, Proteobacteria, in the control group was represented in higher abundance than in the other groups. The concentration of phylum, Cyanobacteria, was more than 1% only in the antibiotic group. Phylum, Actinobacteria, in the YC group was 3.38%, but was less than 1% in the other groups. The abundances of phyla Candidate_division_TM7, Chlamydiae, Fibrobacteres, Spirochaetae and Tenericutes in all groups were <1%.
The caecum sequencing of the weaning piglets detected 89, 89, 91 and 93 genera from the four groups, respectively. The genera with over 1% abundance differed among the groups ( Table 2 ). The genus, Prevotella, was predominant in phylum, Bacteroidetes, whereas genus, Alloprevotella, was less than 1% in the LC group. Within phylum, Firmicutes, genera, Pseudobutyrivibrio and Faecalibacterium, were more than 5% in the control group. Lactobacillus, Pseudobutyrivibrio, Anaerovibrio and Megasphaera represented more than 5% in the antibiotic group. Lactobacillus, Pseudobutyrivibrio and Megasphaera represented more than 5% in the YC group. Pseudobutyrivibrio, Faecalibacterium and Megasphaera represented more than 5% in the LC group. Within phylum, Proteobacteria, genera, Campylobacter, in the control and Escherichia-Shigella in the antibiotic group were more than 1% of total bacteria. The abundance of genus, Succinivibrio, in the control group was higher than in the other groups. In the present study, regardless of the types of probiotics that were added to the diet, Firmicutes and Bacteroidetes were the dominant phyla in each group. These two phyla accounted for >90% of total sequences in the antibiotic, YC and LC groups. However, Firmicutes and Bacteroidetes accounted for 84% of total sequences in the control group. Kim et al. (2011) showed similar results. Firmicutes and Bacteroidetes were the dominant phyla at various ages of pigs, and the increase of Firmicutes has been attributed to the growth of pigs (Zhao et al., 2015) . It has been suggested that more Firmicutes and fewer Bacteroidetes is associated with an increased growth rate (Ban-Tokuda et al., 2017; Ley et al., 2005; Ley et al., 2006) . In the previous study, the LC group had high levels of Firmicutes and low levels of Bacteroidetes, though the growth performance of the LC group was not the best (Du et al., 2017) . Prevotella was the most predominant genus in all groups, except LC, and can promote the growth performance of pigs. It has also been reported that Megasphaera is the predominant bacteria in the faecal microbiota of weaning piglets (Mach et al., 2015; Slifierz et al., 2015) . In this study, the results showed that Megasphaera accounted for the biggest proportion of total sequences in the LC group. Metabolites of Megasphaera such as vitamins, amino acids and short-chain fatty acids could provide the nutrients and energy for the host (Shetty et al., 2013) , which could be the reason for increasing the growth performance in the LC group. The abundance of Campylobacter in the control group was more than 1%, and it is considered a zoonotic pathogen (Tauxe, 2002; Graf et al., 2012) . Lactobacillus in the YC and antibiotic groups was more abundant than in the control group. Increases in Lactobacillus improve the gut barrier by increasing the amount of mucin and blocking pathogens (Petri et al., 2010; Jacobi et al., 2012; Che et al., 2014) . In addition, Lactobacillus can decrease the pH in the intestinal tract and inhibit the growth of harmful bacteria (Kim et al., 2012) . Only the abundance of Shigella in the antibiotic group was represented by more than 1% of the total sequences compared with the other groups. This is supported by Janczyk et al. (2007) and Looft et al. (2014) , who showed that antibiotics increase Shigella and Escherichia. For the YC group, mannose and glucans, the main components of yeast cell walls, could remove pathogens from the intestinal wall by agglutinating them (Oyofo et al., 1989; Spring et al., 2000; Ferket et al., 2002; Bovera et al., 2012) .
The orthogonal partial least squares discriminate analysis (OPLS-DA) plots of the serum and caecum metabolomic data showed a clear separation between the control and antibiotic, control and YC, and control and LC groups (Figures 4 and 5) . The serum metabolites were involved in three KEGG pathways, namely carbohydrate metabolism, lipid metabolism, and xenobiotics biodegradation and metabolism (Table 3) . Compared with the control group, D-mannose, hexadecanoic acid, propanoic acid and α-D-glucopyranoside in the antibiotic group were enriched, while D-fructose in the antibiotic and LC groups was lower (P <0.05). Octadecanoic acid in the YC group, and α-D-glucopyranoside in the YC and LC groups, and 1,2,3propanetricarboxylic acid in the LC group were decreased (P <0.05) compared with the control group. D-fructose and α-D-glucopyranoside in the YC group were increased compared with the antibiotic and LC groups (P <0.05). In the serum, seven metabolites changed significantly. The levels of D-mannose and D-glucose were higher in the antibiotic group, while the level of D-fructose was lower compared with the control group. Dfructose is phosphorylated to F-6-P and mannose is converted into F-6-P. F-6-P and D-glucose and are important intermediates and produce energy by entering the TCA cycle and glycolysis (Hirahatake et al., 2011; Pilvi et al., 2008; Nie et al., 2015) . Dietary supplementation with antibiotics increased the metabolites of hexadecanoic acid and propanoic acid, which could cause higher digestion of fat and provide energy for growing pigs. Xiao et al. (2012) showed that hexadecanoic acid in metabolites was increased with dietary supplementation by L-glutamine. The concentrations of other metabolite in the different treatments were also checked. The concentration of α-D-glucopyranoside in the control group was higher than in the other groups.
The pathways in which α-D-glucopyranoside is involved are still unclear, and further research is needed to explore the effects of various additives on serum metabolites.
Figure 4
Orthogonal partial least squares discriminate analysis plots of the gas chromatography mass spectrometry data for serum metabolites of the control versus antibiotic, control versus yeast culture, control versus lactobacillus culture, antibiotic versus yeast culture, and yeast culture versus lactobacillus culture groups Figure 5 Orthogonal partial least squares discriminate analysis plots of the gas chromatography mass spectrometry data for the caecum metabolites of the control versus antibiotic, control versus lactobacillus culture, antibiotic versus yeast culture, antibiotic versus lactobacillus culture, and yeast culture versus lactobacillus culture groups The caecum metabolites between control and antibiotic, control and LC, antibiotic and YC, and YC and LC groups were different (Table 4 ). Myo-inositol and benzenepropanoic acid concentrations in the antibiotic group were higher, while 11-trans-octadecenoic acid and butanoic acid were reduced in the LC group compared with the control (P <0.05). Cis-9-hexadecenoic acid and heptadecanoic acid in the LC group were higher than in the control group (P <0.05). D-mannose was richest in the LC group, followed by the antibiotic group, YC group, and the control group (P <0.05). Compared with the antibiotic group, myo-inositol, D-fructose, L-arabinose, D-xylose, 9,12-octadecadienoic acid, and glucopyranose in the YC group, and cholesterol and cobaltocene in the LC group, were decreased (P <0.05). Myo-inositol and 9,12octadecadienoic acids in the LC group were higher than in the YC group (P <0.05). A total of 15 metabolites were identified in the caecum. They are involved mainly in the biosynthesis of other secondary metabolites, carbohydrate metabolism, lipid metabolism, and the digestive system. Myoinositol as a vitamin can eliminate reactive oxygen species and improve immune function (Jiang et al., 2016; Kuang et al., 2012) . The increase of myo-inositol in the caecum of the antibiotic group may improve the immune system in weaning piglets. The level of D-mannose in the caecum was increased with dietary supplementation of antibiotic and LC, which was consistent with the effect of antibiotic on D-mannose in serum. The cis-9-hexadecenoic acid in the LC group may lead to a higher ability to digest fat. The concentrations of benzenepropanoic acid and heptadecanoic acid in the antibiotic and LC groups were higher than those in the control group, and the authors hypothesize that the high levels of these metabolites can produce more energy for the maintenance and growth of weaning piglets.
Conclusion
This work demonstrated that YC and LC supplementation in the weaning diet can improve the abundance of beneficial bacteria, though the concentrations of some metabolites in the serum and caecum were decreased when compared with the control group. Therefore, dietary supplementation of YC or LC could be used instead of antibiotics as additives for weaning piglets.
